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SUMMARY 

Thi s  r e p o r t  covers  a three-year  program i n  which low energy r a d i o  frequency 

( r f )  s p u t t e r i n g  w a s  u t i l i z e d  i n  an i n v e s t i g a t i o n  of t h e  f e a s i b i l i t y  of pro- 

ducing t h i n  m e t a l -  and oxide-fi lm c a p a c i t o r s .  

a u s e f u l  conf igu ra t ion  f o r  a p lanar  f i l m  f i l t e r  capac i to r  c o n s i s t i n g  of 

densely packed p a r a l l e l  in te rconnec ted  l a y e r s .  The c a p a c i t o r s  must have 

s t a b l e  e l e c t r i c a l  p r o p e r t i e s  and must be a b l e  t o  withstand h igh  temperature  

environments. The o r i g i n a l  concept c a l l e d  f o r  c a p a c i t o r s  of one-half cubic  

cent imeter  of depos i ted  material; t h a t  w a s  l a t e r  changed t o  1 . 0  pf c a p a c i t o r s .  

The requirement f o r  t h e  d i e l e c t r i c  f i lms  is  2000 t o  4000 A t h i c k .  

The o b j e c t i v e s  were t o  e s t a b l i s h  

Dielectr ic  material systems examined i n  t h e  development work included 

s i l i c a ,  alumina, t i t a n i a ,  and lead  z i r c o n a t e  t i t a n a t e .  S i l i c a  gave t h e  b e s t  

r e s u l t s ,  even wi th  i t s  lower d i e l e c t r i c  cons t an t ,  because i t  could be depos i ted  

a t  a h igher  rate and had more s t a b l e  c h a r a c t e r i s t i c s  than t h e  o the r  materials. 

The ma jo r i ty  of test  c a p a c i t o r s  were prepared wi th  s i l i c a  d i e l e c t r i c s  and 

aluminum e l e c t r o d e s .  Many alumina-aluminum c a p a c i t o r s  were a l s o  t e s t e d ,  bu t  

they had lower thermal  s t a b i l i t y  than  the  s i l i c a  capac i to r s .  

The silica-aluminum c a p a c i t o r s  were made by r f  spu t t e r -depos i t i ng  

aluminum e l e c t r o d e s  and s i l i c a  d i e l e c t r i c s  i n  an ultrahigh-vacuum system. Most 

were s ing le -  o r  double-layer (one o r  two d i e l e c t r i c  l a y e r s )  c a p a c i t o r s ,  w i th  

some having up t o  t e n  d i e l e c t r i c  l a y e r s .  They have very good temperature  
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s t a b i l i t y  from -79 t o  25OoC, and cont inue  t o  f u n c t i o n  w e l l  a t  500°C, bu t  w i th  

l a r g e r  temperature  c o e f f i c i e n t s  of capac i tance  and l a r g e r  d i s s i p a t i o n  f a c t o r s .  

Following a n  a i r  bake a t  250"C, t h e  capac i tance  v a r i e s  only 0.6 percent  from 

25 t o  250°C. 

c a p a c i t o r s  is 320 pf p e r  cubic  cen t ime te r  of depos i t ed  material. The d i s -  

s i p a t i o n  f a c t o r  of t h e  test c a p a c i t o r s  w a s  low, gene ra l ly  i n  the  1 0  range 

a t  low frequency and i n  t h e  mid 10  range a t  h igh  frequency. 

The h ighes t  capac i tance  d e n s i t y  t h a t  has  been achieved f o r  t h e s e  

-4 

-2 

The p re fe r r ed  e l e c t r o d e  th i ckness  w a s  e s t a b l i s h e d  as 1200 t o  1500 A ,  based 

on measurements of d i s s i p a t i o n  f a c t o r  ve r sus  e l e c t r o d e  th i ckness .  Dielectric 

s t r e n g t h  of t h e  s i l i c a  f i l m s  i s  g e n e r a l l y  between 2 x 10 and 5 x 10 v o l t s  

per  cent imeter .  A t  2 x 10 v o l t s  pe r  cent imeter ,  t h e  breakdown s t r e n g t h  i s  

20 v o l t s  pe r  1000 A of d i e l e c t r i c .  Based on t h e s e  measurements, and on t h e  

d e s i r e  t o  keep th i ckness  down t o  o b t a i n  high capac i tance  d e n s i t y ,  d i e l e c t r i c s  

were normally made 3000 A t h i ck .  This  would y i e l d  a c a p a c i t o r  w i t h  a working 

v o l t a g e  of 25 v o l t s  w i t h  an adequate  s a f e t y  f a c t o r .  

6 6 

6 

A mask and t a r g e t  changer w a s  designed and f a b r i c a t e d  f o r  i n s t a l l a t i o n  i n  

t h e  s p u t t e r i n g  system. 

s i l i c a  d i e l e c t r i c  and aluminum e l e c t r o d e s  without breaking vacuum. This  system 

should make i t  p o s s i b l e  t o  f a b r i c a t e  c a p a c i t o r s  wi th  more l a y e r s  because less 

handl ing of t h e  s u b s t r a t e  w i l l  mean less chance f o r  d e f e c t s .  However, t i m e  on 

t h e  c u r r e n t  program d i d  n o t  p e r m i t  t h e  changer t o  be  eva lua ted  f o r  making 

mul t i l aye r  c a p a c i t o r s .  

This  mechanism w i l l  a l low t h e  a l t e r n a t e  depos i t i on  of 

It is recommended t h a t ,  i n  a follow-on program, t h e  maximum number of l a y e r s  

t h a t  can be s tacked  r e l i a b l y  us ing  t h e  mask and t a r g e t  changer be e s t a b l i s h e d ,  

and t h e  q u a l i t y  and y i e l d  of c a p a c i t o r s  be determined. The techniques t h a t  

are employed i n  making t h e s e  mul t i l aye r  high-temperature c a p a c i t o r s  can then  

be engineered i n t o  a product ion p rocess ,  and t h e  f u l l  b e n e f i t  of t h e  r e sea rch  

program can be obtained.  
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INTRODUCTION 

The National Aeronautics and Space Administration has a requirement for 

capacitors with capabilities beyond those now available. 

unit volume and low power dissipation are needed. 

not have to handle high power, their breakdown strengths can be relatively low. 

However, they must be very stable in high-temperature environments such as 
might be encountered on space flights near the sun, or in applications near 
nuclear reactors. North Star Research and Development Institute undertook a 

three-year program to develop a filter capacitor that would meet these require- 
ments. More specifically, the properties needed were densely packed parallel 

interconnected layers producing a capacitor of 1.0 uf capacitance. 
capacitors must be able to tolerate high temperatures (up to 5OOOC). 
necessary to establish the electrical parameters such as capacitance and 
dissipation factor as functions of temperature and frequency in the ranges of 

-55" to 300°C and up to 100 kHz. 

High capacitance per 
Because the capacitors do 

The 
It was 

Several dielectric materials (titania, alumina, silica, lead zinconate 
titanate) and electrode materials (nickel, aluminum, titanium, copper) were 

screened during the early part of the program. 
established as alumina-aluminum and silica-aluminum. Of these, the highest 
degree of thermal stability was found in capacitors consisting of silica 

dielectrics and aluminum electrodes. 

The best combinations were 

The bulk dielectric constant for silica is 3.75, and that for the sputter- 
deposited thin films is slightly less (usually about 3.2 to 3 . 6 ) .  

material of any given dielectric constant, the capacitance per unit volume of a 

For a. 

single-layer capacitor can be increased by decreasing the thickness of the 
deposited films, dielectric, and electrodes. The thinner layers give lower 

mass for a given number of layers, and a thinner dielectric gives increased 

capacitance. 
decreased depends on the voltage that the capacitor must hold without breaking 
down. If the voltage requirements are very low (less than approximately 25 
volts) thickness becomes limited by problems in manufacturing. 

The limit to which the thickness of the dielectric can be 

As the dielectric 
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becomes ve ry  t h i n ,  an  inc reas ing  percentage  of t h e  c a p a c i t o r s  have s h o r t s ,  and 

t h e  y i e l d  decreases .  

2000 angstroms. 

is governed by t h e  conduc t iv i ty  of t h e  e l e c t r o d e  material. 

r e s i s t a n c e  of t h e  e l e c t r o d e s  must be kept  very  low t o  have c a p a c i t o r s  w i th  

low d i s s i p a t i o n  f a c t o r s .  

This  u sua l ly  occurs  a t  d i e l e c t r i c  t h i cknesses  below 

The l i m i t  t o  which t h e  e l e c t r o d e  th i ckness  can be decreased 

The shee t  

Low-energy r f  s p u t t e r i n g  w a s  used f o r  t h e  depos i t i on  of a l l  d i e l e c t r i c  

f i l m s  i n  t h i s  program. 

f i r s t ,  and la ter  they  w e r e  a l s o  s p u t t e r  depos i ted .  

of r f  s p u t t e r i n g  t h e  bulk  d i e l e c t r i c  material f o r  c a p a c i t o r  d i e l e c t r i c s  r a t h e r  

than  anodizing (Ref. l) ,  vacuum evapora t ing  (Ref. 2), o r  r e a c t i v e l y  

s p u t t e r i n g  (Ref. 3 ) ,  i s  t h e  c a p a b i l i t y  of depos i t i ng  a f i l m  of t h e  same 

s to ich iometry  as t h e  t a r g e t  material. 

h igh  d e n s i t y  wi th  good adhesion and r e l a t i v e l y  f r e e  from pinholes .  

The aluminum e l e c t r o d e s  were vacuum evaporated a t  

The p r i n c i p a l  advantage 

RF s p u t t e r i n g  a l s o  produces f i l m s  of 

Tef lon  d i e l e c t r i c  capac i to r s  provide an example of c u r r e n t l y  a v a i l a b l e  

c a p a c i t o r s  w i th  good temperature  and e lectr ical  c h a r a c t e r i s t i c s .  

operable  t o  approximately 200°C and have low d i s s i p a t i o n  f a c t o r  (2 x 10 a t  

2 5 O C ) .  They a l s o  have r e l a t i v e l y  h i g h  capac i tance  dens i ty  (0.01 uf cm f o r  

t h e  completed package). 

d e n s i t i e s  except  f o r  e l e c t r o l y t i c  c a p a c i t o r s  which are i n f e r i o r  i n  a l l  o the r  

r e s p e c t s .  Typica l  va lues  f o r  ceramic capac i to r s  are 0.25 pf cm . The si l ica- 

aluminum c a p a c i t o r s  t h a t  were developed i n  t h i s  program had e x c e l l e n t  temperature  

s t a b i l i t y  t o  approximately '275°C and were operable  a t  t h e  h i g h e s t  test 

temperature  (500°C). D i s s ipa t ion  f a c t o r s  of t h e s e  capac i to r s  w e r e  gene ra l ly  

i n  t h e  

The capac i tance  d e n s i t y  of t h e  si l ica-aluminum c a p a c i t o r s  was approximately 

300 uf cm I n  a packaged capac i to r  c o n s i s t i n g  of a 

m u l t i l a y e r  depos i t  on both s u r f a c e s  of a very  t h i n  s u b s t r a t e ,  a capac i tance  

dens i ty  of 10 pf cm 

t h e  d e n s i t y  

same package. 

They are 
-4 

-3 

Ceramic c a p a c i t o r s  have t h e  h ighes t  capac i tance  

-3 

range a t  low frequency and i n  t h e  mid lo-* range a t  h igh  frequency. 

-3 of depos i ted  material. 

-3  could probably be achieved. I n  t h e  h igh  capac i tance  s i zes ,  

could be  made somewhat g r e a t e r  by p u t t i n g  several s u b s t r a t e s  i n  t h e  
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The c a p a c i t o r  c h a r a c t e r i s t i c s  d i scussed  above, i . e . , - h i g h  d e n s i t y  f i l m s  

wi th  good adhesion,  h igh  temperature  s tab i l i ty  and c a p a b i l i t y ,  low d i s s i p a t i o n  

f a c t o r ,  and h igh  capac i t ance  d e n s i t y ,  c o n t r i b u t e  t o  t h e  o v e r a l l  h igh  

r e l i a b i l i t y  t h a t  is  requ i r ed  by NASA f o r  long-durat ion space f l i g h t s  i n  h o s t i l e  

environments. 

5 



EXPERIMENTAL WORK 

Capaci tors  were f a b r i c a t e d  by r f  s p u t t e r  depos i t i on  of t h i n  d i e l e c t r i c  

l a y e r s  and evapora t ion  o r  rf s p u t t e r  depos i t i on  of t h i n  conducting e l e c t r o d e s  

on t h i n  g l a s s  s u b s t r a t e s .  

from an o i l  pumped vacuum system t o  an u l t r a h i g h  vacuum system i n  a c l ean  room 

t o  a s s u r e  a contamination- and dus t - f ree  environment. Layers w e r e  s t acked ,  

and t h e  e l e c t r o d e s  were in te rconnec ted  t o  g ive  a p a r a l l e l  a r r a y  of c a p a c i t o r s  

f o r  h igh  energy s t o r a g e  capac i ty  per  u n i t  of s u b s t r a t e  area. The c a p a c i t o r s  

were t e s t e d  f o r  capac i tance  and d i s s i p a t i o n  f a c t o r  as func t ions  of frequency 

and temperature ,  f o r  d i e l e c t r i c  s t r e n g t h  as a func t ion  of d i e l e c t r i c  t h i ckness ,  

and f o r  d i s s i p a t i o n  f a c t o r  as a func t ion  of e l e c t r o d e  th ickness .  The 

c a p a c i t o r s  were a l s o  sub jec t ed  t o  long-term l i f e  tests a t  e l eva ted  temperatures .  

Ea r ly  i n  t h e  program t h e  r f  s p u t t e r i n g  was moved 

Equipment 

Vacuum Systems. -- Three vacuum systems were employed f o r  t h e  product ion 

of test  c a p a c i t o r s  dur ing  t h e  program. 

i n  an  oil-diffusion-pumped system a t  f i r s t ,  and la te r  i n  a Ul tek  18-inch 

ultrahigh-vacuum system. The Ul tek  system w a s  f i t t e d  w i t h  a 6-inch-high 

g l a s s  c y l i n d e r  and a s t a i n l e s s  steel p l a t e  w i th  a c e n t e r  ho le  through which 

t h e  s p u t t e r i n g  t a r g e t  p ro j ec t ed .  

100 c l ean  room i n  F igure  1. 

t i t an ium subl imat ion  and ion  pumping f o r  h igh  vacuum. 

s o  no hydrocarbons can e n t e r  and become trapped i n  deposi ted f i lms .  Also,  

t h e  ultrahigh-vacuum system, because of t h e  very  low p res su res  ob ta inab le ,  

has less background gas t h a t  can be  incorpora ted  i n  t h e  f i l m s  than  does an 

oil-pumped system. 

gases  are active,  and over  a per iod  of t i m e ,  they  w i l l  react w i t h  atoms t h a t  

make up t h e  des i r ed  f i l m  and change t h e  c a p a c i t o r  c h a r a c t e r i s t i c s .  

A l l  d i e l e c t r i c  f i l m s  were r f  s p u t t e r e d ,  

This  system i s  shown i n  North S t a r ' s  Class 

Pumping i s  by cryosorp t ion  f o r  roughing and by 

No o i l  pumping i s  used, 

This  i s  important  because some of t he  atoms of background 

During t h e  e a r l y  s t a g e s  of t h e  i n v e s t i g a t i o n ,  t h e  aluminum e l e c t r o d e s  

were vacuum evaporated i n  t h e  oil-diffusion-pumped vacuum system shown i n  

F igure  2. Later, t h e  e l e c t r o d e s  were s p u t t e r  depos i ted  i n  t h e  same Ultek 

ultrahigh-vacuum system t h a t  w a s  used f o r  depos i t i on  of t h e  s i l i c a  d i e l e c t r i c .  
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FIGURE 1. SPUTTERING SYSTEM FOR THIN FILM 
CAPACITOR DEVELOPMENT 
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FIGURE 2. VACUUM SYSTEM FOR EVAPORATION OF ALUMINUM 
CAPACITOR ELECTRODES 
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S p u t t e r i n g  Module. -- A l l  the s p u t t e r i n g  w a s  done wi th  an  R.D. Mathis 

Model SP 310 s p u t t e r i n g  module. 

and a tuning  u n i t .  

t h e  func t ion  of t h e  tun ing  u n i t  is  t o  make t h e  load  50 ohms f o r  maximum 

coupl ing of power i n t o  t h e  t a r g e t .  

s i z e s  of i nduc to r s  t o  handle  a range  of t a r g e t  s izes  from one t o  s i x  inches 

diameter.  Even though 5-inch-diameter t a r g e t s  were used, they  c a r r i e d  more 

cu r ren t  when a magnetic f i e l d  w a s  used t o  i n c r e a s e  plasma d e n s i t y  than would 

normally be  c a r r i e d  by a 6-inch-diameter t a r g e t .  

t o  be made s o  t h e  h igh  c u r r e n t  load  could be matched t o  t h e  t r a n s m i t t e r .  

It c o n s i s t s  of a 13.56 MHz 1 , O  kw t r a n s m i t t e r  

The t r a n s m i t t e r  i s  designed t o  feed  a 50-ohm load ,  s o  

The tun ing  u n i t  is  suppl ied  w i t h  two 

A t h i r d  s i z e  inductor  had 

Mask and Targe t  Changer. -- A mask and t a r g e t  changer system w a s  

f a b r i c a t e d .  

e l e c t r o d e  and d i e l e c t r i c  material without  having t o  break t h e  vacuum. 

Operation without  breaking vacuum i s  necessary f o r  m u l t i l a y e r  c a p a c i t o r s  t o  

o b t a i n  h igh  y i e l d s  and t o  reduce t h e  t i m e  requi red  f o r  pump-downs. 

schematic diagram of t h e  system is  shown i n  F igu re  3 .  

It w a s  designed t o  a l low the depos i t i on  of a l t e r n a t e  l a y e r s  of 

A 

The s e c t i o n  l abe led  
I 1  I 1  A ope ra t e s  t h e  mask changer,  and t h e  s e c t i o n  l abe led  "B" ( a l so  connected t o  

a r o t a r y  feedthrough) changes t a r g e t s .  

on t h e  r f  e l e c t r o d e  f o r  aluminum depos i t ion .  For s i l i ca  depos i t i on ,  a f l a t  

p l a t e  of s i l i c a  is  moved i n t o  p l a c e  completely covering t h e  aluminum t a r g e t  

and very  c l o s e  t o  i t .  

changer. The long p a r a l l e l  r a i l s  a t  t h e  top c a r r y  t h e  s i l i c a  t a r g e t  i n t o  

p o s i t i o n  f o r  d i e l e c t r i c  s p u t t e r i n g  and out  of t h e  way f o r  e l e c t r o d e  s p u t t e r i n g .  

A d i s k  ca r ry ing  t h e  masks can be  seen  below t h e  r a i l s ,  and t h e  l a r g e  d i s k  i s  

t h e  main suppor t  f o r  t h e  e n t i r e  assembly. A t  t h e  bottom are two s h a f t s  t h a t  

connect t o  r o t a r y  feedthroughs f o r  doing t h e  changing. 

d e t a i l e d  view of t h e  mask-changing d i s k .  

four  3/4-inch square s u b s t r a t e s .  

numbered e l e c t r o d e s ,  d i e l e c t r i c ,  and even-numbered e l e c t r o d e s ,  The ho le  i n  the 

c e n t e r  of each set of masks exposes t h e  f i l m  t h i ckness  monitor t o  the depos i t i ng  

f i lm.  The l a r g e  round h o l e  a l lows  t h e  s u b s t r a t e s  t o  be loaded and the 

completed c a p a c i t o r s  t o  b e  unloaded. 

f i t t i n g  s h u t t e r  t o  p r o t e c t  a g a i n s t  d u s t  p a r t i c l e s  f a l l i n g  on t h e  samples 

during pump-down o r  dur ing  t a r g e t  changing. 

t h e  l e f t  of t h e  d i s k  i s  a device  f o r  locking t h e  d i s k  i n  i t s  va r ious  pos i t i ons .  

The aluminum t a r g e t  is  mounted d i r e c t l y  

F igure  4 shows t h e  p a r t i a l l y  assembled mask and t a r g e t  

F igure  5 g ives  a more 

The system i s  designed f o r  t ak ing  

The t h r e e  sets of masks are f o r  odd- 

The l i d  f o r  t h a t  ho le  provides  a c lose-  

The t r i a n g u l a r  shaped p i e c e  a t  
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FIGURE 4 ,  PARTIALLY ASSEMBLED MASK- AND TARGET-CHANGER 
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FIGURE 5. DETAILED VIEW OF MASK CHANGING D I S K  
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The s p e c i a l l y  shaped s i l ica  movable t a r g e t  t h a t  w a s  r equ i r ed  could n o t  be 

obtained from General Electric Company because of their extended l a b o r  s t r i k e .  

An a l t e r n a t i v e  s u p p l i e r ,  West Coast Op t i ca l  Company, was  n o t  a b l e  t o  f a b r i c a t e  

t h e  t a r g e t  s u c c e s s f u l l y  i n  t i m e  f o r  u se  i n  t h e  c u r r e n t  c o n t r a c t ,  so  t h e  mask 

and t a r g e t  changer has no t  been f u l l y  t e s t e d .  

Deposi t  Thickness Monitor -- A d e p o s i t  t h i ckness  monitor (Sloan 

Technology Corporat ion,  Model DTM-3) w a s  acquired f o r  i nco rpora t ion  i n t o  t h e  

system. 

p r i n c i p a l  components are a 5 MHz q u a r t z  c r y s t a l  (the sens ing  element) and a 

v a r i a b l e  f requency o s c i l l a t o r .  The v a r i a b l e  frequency o s c i l l a t o r  is tuned t o  

t h e  frequency of t h e  q u a r t z  c r y s t a l  and, a s  material d e p o s i t s  on the c r y s t a l ,  

i t s  o s c i l l a t i o n  frequency changes. 

t o  depos i ted  f i l m  th ickness .  

The n o n i t o r  c o n t r o l  and d e t e c t i o n  u n i t  are p i c t u r e d  i n  F igure  6 .  The 

The r e s u l t a n t  b e a t  frequency i s  c a l i b r a t e d  

There are a number of problems i n h e r e n t h  ope ra t ing  t h e  5 MHz device  

i n  t h e  h o s t i l e  environment of a 13.56 MHz r f  plasma. The c r y s t a l  and t h e  

e lec t r ic  l e a d s  between i t  and t h e  feedthrough act  as an tennas ,  p ick ing  up t h e  

13.56 MHz s i g n a l  and t r a n s m i t t i n g  i t  back t o  t h e  monitor con t ro l .  

The accuracy of t h e  monitor is  a l s o  a f f e c t e d  by an accumulation of charge 

The charge is u s u a l l y  nega t ive  because from t h e  plasma on t h e  q u a r t z  c r y s t a l .  

t h e  e l e c t r o n s  have h igher  mob i l i t y  than  do t h e  ions .  However, once t h e  c r y s t a l  

becomes b iased  nega t ive ly  wi th  r e s p e c t  t o  t h e  plasma, i ons  a l s o  bombard i t s  su r face .  

The accuracy of t h e  d e p o s i t  t h i ckness  monitor is also a f f e c t e d  by l a r g e  

temperature excurs ions  of t h e  qua r t z  c r y s t a l .  The c r y s t a l  rests on a water- 

cooled copper b lock ,  bu t  qua r t z  has  such a low thermal  conduc t iv i ty  t h a t  t h e  

f r o n t  s u r f a c e  can g e t  ho t  by r a d i a t i o n  from t h e  plasma o r  from t h e  hot  t a r g e t ,  

o r  by e l e c t r o n  bombardment. 

where t h e  monitor is mounted d i r e c t l y  oppos i t e  t h e  s p u t t e r i n g  t a r g e t .  

Secondary e l e c t r o n s  are always e j e c t e d  from a s u r f a c e  undergoing i o n  

bombardment. 

t h e  ions ,  bombardment of t h e  t a r g e t  by 1000 e V  i o n s  w i l l  cause t h e  secondary 

e l e c t r o n s  t o  be a c c e l e r a t e d  t o  1000 e V  away from t h e  t a r g e t .  

The la t ter  becomes ve ry  important  i n  t h e  case 

Since t h e  charge of t h e  secondary e l e c t r o n s  is oppos i t e  t h a t  of 

The d i r e c t i o n  
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Sensing Element w i t h  C r y s t a l  Pos i t i oned  

Monitor Cont ro l  and De tec t ion  Unit  
4 

FIGURE 6 ,  SLOAN DTM-3 DEPOSIT THICKNESS MONITOR 
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of travel of t h e  e l e c t r o n s  i s  perpendicular  t o  a f l a t  t a r g e t  su r f ace .  

magnetic f i e l d  (ax is  perpendicular  t o  t a r g e t  s u r f a c e )  t h a t  is  app l i ed  t o  

inc rease  t h e  plasma d e n s i t y  condenses t h e s e  e l e c t r o n s  so t h a t  more arrive 

per  u n i t  area a t  t h e  monitor c r y s t a l  t han  leave p e r  u n i t  area of t h e  t a r g e t .  

These e l e c t r o n s  add cons iderably  t o  t h e  thermal inpu t  of t h e  c r y s t a l  by 

g iv ing  up t h e i r  k i n e t i c  energy on impact. 

b i a s i n g  t h e  c r y s t a l  nega t ive ly .  This  causes  i o n  bombardment, and t h e  

k i n e t i c  energy given up by t h e  i o n s  r e s u l t s  i n  f u r t h e r  hea t ing  of t h e  c r y s t a l .  

The 

They a l s o  g ive  up t h e i r  charge,  

Severa l  modi f ica t ions  were made t o  t h e  th i ckness  monitor t o  e l i m i n a t e  

o r  s u b s t a n t i a l l y  reduce t h e s e  unwanted effects. E l e c t r i c a l l y ,  t h e  

modi f ica t ions  are shown i n  F igure  7 .  

o s c i l l a t o r ,  t h e  l a t te r  being placed i n  t h e  monitor cab ine t .  

f i l t e r  was placed i n  t h e  l i n e  between t h e  c r y s t a l  and t h e  o s c i l l a t o r ,  and 

a l l  l eads  w e r e  sh i e lded  and grounded. Also,  t h e  e n t i r e  i n s i d e  s u r f a c e  of 

t h e  monitor case w a s  covered wi th  e lec t romagnet ic  r a d i a t i o n  s h i e l d i n g  material. 

I n  t h e  vacuum system, two m e t a l  meshes approximately 1 . 0  cent imeter  a p a r t  

were mounted i n  f r o n t  of t h e  c r y s t a l  and w e r e  grounded. That n e a r e s t  t o  t h e  

c r y s t a l  w a s  approximately 0.5 cent imeter  from it .  

pene t r a t ion  of the  plasma t o  t h e  s u r f a c e  of t h e  c r y s t a l ,  thereby  

e l imina t ing  those  charging e f f e c t s .  They a l s o  reduced t h e  secondary e l e c t r o n  

bombardment and t h e  thermal  r a d i a t i o n .  Some s e n s i t i v i t y  w a s  surrendered t o  

accomplish t h i s ,  because t h e  meshes a l s o  reduce t h e  amount of spu t t e red  

material a r r i v i n g  a t  t h e  c r y s t a l .  

The c r y s t a l  i s  separa ted  from i t s  

A 13.56 MHz 

These meshes prevented 

The axis of t h e  magnetic f i e l d  w a s  changed s o  t h a t  t h e  secondary 

e l e c t r o n s  would be d e f l e c t e d  away from t h e  monitor ing c r y s t a l .  This  improved 

t h e  ope ra t ion  of t h e  c r y s t a l  d e t e c t o r  b u t  changed t h e  f i l m  th i ckness  p r o f i l e  

on t h e  s u b s t r a t e .  It appears  t h a t  a magnetic f i e l d  could be  used s u c c e s s f u l l y  

by u t i l i z i n g  s e v e r a l  magnets arranged around t h e  vacuum chamber, 

be suppl ied  a l t e r n a t e l y  t o  d i f f e r e n t  p a i r s  of magnets i n  a c y c l i c  manner 

during a s p u t t e r i n g  run  t o  cance l  ou t  nonuni formi t ies  i n  th i ckness  p r o f i l e .  

Power could 

The ex tens ive  modi f ica t ions  t o  t h e  d e p o s i t  t h i ckness  monitor have 

g r e a t l y  increased  i t s  use fu lness .  Its ope ra t ion  i s  s t i l l  n o t  e n t i r e l y  

15 
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satisfactory, but it can be used with a good degree of reliability. 

was completely useless before the modifications were made. 
It 

Capacitor Test Setup. -+ All capacitor tests at room temperature or 
higher temperatures were conducted in a forced horizontal air-flow oven 

(Despatch Oven Company Model LAD 1-42H). 
capability of 343°C. A one-inch-diameter ceramic tube was installed through 
a side wall to carry electric wires to the test capacitors. A multiposition 
switch that can maintain an applied voltage on all test capacitors, and 
remove the voltage from any one capacitor, connecting it to the test circuit, 

was mounted just outside the feedthrough. 

volts, rms, 60 Hz. The test circuit consists of a General Radio Type 
1615A capacitance bridge and an audio generator. 
capable of measuring capacitance and dissipation factor at frequencies from 
200 Hz to 100 kHz. Figure 9 shows a 
capacitor test block that was fabricated for use in the oven. This test 

block can hold five of the 2.5 cm-by-2.5 cm capacitors. Those parts that 
are subject to thermal oxidation are nickel-plated, and the contacts are 

made from a corrosion-resistant spring brass. The contacts are mounted on 
ceramic standoffs. 

This oven has a temperature 

The applied voltage is 24.5 

This instrumentation is 

The setup is pictured in Figure 8. 

Low-temperature electrical tests were run by encapsulating the test 

capacitor in a silicone elastomer (General Electric Company RTV 630). 

encapsulation prevented erroneous readings caused by conductivity through 

moisture condensed on the surface of the capacitor. The encapsulated 

capacitor was cooled by dry ice. 

This 

Deposition Parameters 

Silica, -- All the silica films were deposited from a 12.7 cm-diameter, 
0.32 cm-thick disk of fused quartz (General Electric Company Type 101). 

The distance from the silica target to the substrate was approximately 3 . 8  cm 
for nearly all the sputtering runs. 

17 



FXGURE 8. LABORATORY FACILITY FOR MULTIPLE 
LIFE-TESTING OF THIN FILM CAPACITORS 
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'FIGURE 9 .  'MULTIPLE-CAPACITOR L I F E  TEST UNIT (Shown 
with Five T h i n  F i l m  Capacitors in Position) 
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Typica l  s i l i ca  s p u t t e r i n g  runs  were made as fo l lows:  

-8 
The system w a s  f i r s t  pumped t o  t h e  10 
f i l l e d  w i t h  argon t o  a p r e s s u r e  of approximately 2 x 10' 
Torr .  
argon f lowing i n t o  a s o r p t i o n  pump through a n e a r l y  c losed  
va lve .  Titanium subl imat ion  continued dur ing  t h e  run  t o  
he lp  p u r i f y  t h e  argon and t o  pump desorbed active gases .  
Two 750-turn magnets ca r ry ing  2.2  amperes produced a uniform 
magnetic f l u x  d e n s i t y  of 7 8  Maxwells p e r  square cent imeter  
i n  t h e  p o s i t i o n  of t h e  s u b s t r a t e s  when t h e  plasma w a s  o f f .  
This  magnetic f l u x  served t o  con ta in  t h e  plasma and i n c r e a s e  
i t s  dens i ty .  
The r e f l e c t e d  power reading  of 0.25 corresponded t o  a 
standing-wave r a t i o  of approximately 1.1. The power- 
a m p l i f i e r  g r i d  c u r r e n t  was 65 m a ,  and i t s  p l a t e  c u r r e n t  w a s  
275 m a .  

Torr  range and bgck- 

Th i s  p re s su re  w a s  maintained i n  a dynamic system, w i t h  

The r f  vo l t age  w a s  approximately 850 v o l t s .  

Although most of t h e  s i l i c a  d e p o s i t s  were made as above, magnet c u r r e n t s  

ranged from 2.0 t o  2.4 amperes and t h e  r f  v o l t a g e s  ranged from 700 t o  1000 

v o l t s .  The o t h e r  parameters  va r i ed  only  by a very  s m a l l  amount. 

Aluminum. -- I n  a mul t i l aye r  c a p a c i t o r ,  each depos i ted  l a y e r  must have a 

minimum s u r f a c e  roughness t o  prevent  i r r e g u l a r i t i e s  from being exaggerated,  

l a y e r  a f t e r  l a y e r .  

of aluminum f i lms .  A l l  vacuum evaporated aluminum f i lms  were e x c e l l e n t  

specu la r  r e f l e c t o r s .  

Specular  r e f l e c t i v i t y  i s  a good measure of t h e  smoothness 

Aluminum f i l m s  t h a t  w e r e  s p u t t e r  depos i ted  on 0.050-inch t h i c k  g l a s s  

had good specu la r  r e f l e c t a n c e ,  bu t  those  depos i ted  on th inne r  (0.008 t o  0.010 

inch)  g l a s s  had a matte f i n i s h .  

roughness is  moderate and chalky whi te  when t h e  s u r f a c e  is very rough. 

The f i n i s h  i s  b l u i s h  i n  c o l o r  when s u r f a c e  

Figure 10  shows t h e  d i f f e r e n c e  between a s p e c u l a r l y  r e f l e c t i n g  aluminum f i l m  

and one w i t h  a matte f i n i s h .  

depos i ted  aluminum f i l m s  and has  been discussed by Cook et aZ. (Ref. 4 )  
as w e l l  as by several o t h e r s .  The gene ra l ly  accepted cause i s  too  h igh  a 

s u b s t r a t e  temperature ,  r e s u l t i n g  i n  l a r g e  c r y s t a l l i t e s .  

A rough s u r f a c e  i s  not  unusual i n  s p u t t e r -  

It appears  t h a t  t h e  d i f f e r e n c e  i n  s p e c u l a r i t y  of aluminum f i l m s  on 

s u b s t r a t e s  of d i f f e r e n t  th icknesses  i s  the  r e s u l t  of t h e  fo l lowing  mechanism. 

Both t h e  t h i c k  and t h i n  g l a s s  s l i d e s  l i e  on t h e  water-cooled s u b s t r a t e  

20 



FIGURE 10. COMPARISON OF SPUTTERED ALUMINUM FILMS 
(Matte on left; Specular  on right) 
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t a b l e  under only t h e  f o r c e  of g r a v i t y .  

water cool ing  is l a r g e l y  i n e f f e c t i v e .  

by t h e  t a r g e t  and by t h e  plasma u n t i l  a r e l a t i v e l y  t h i n  ' f i l m  of aluminum 

ha's been depos i ted .  

t h e  h e a t  input  by r a d i a t i o n  drops s i g n i f i c a n t l y ,  

enough h e a t  capac i ty  t o  keep t h e  s u r f a c e  r e l a t i v e l y  coo l  u n t i l  t h e  

r a d i a t i o n  begins  t o  be r e f l e c t e d .  The t h i n  s u b s t r a t e ,  on t h e  o t h e r  hand, 

has much less h e a t  c a p a c i t y ,  and i t s  temperature  rises h igh  enough t o  f o s t e r  

t h e  growth of l a r g e  c r y s t a l l i t e s  be fo re  t h e  s u r f a c e  can become a n  e f f e c t i v e  

hea t  r e f l e c t o r .  

(a less dense plasma),  e s p e c i a l l y  a t  t h e  beginning of a depos i t .  Also,  t h e  

magnetic f i e l d  can be arranged t o  minimize hea t ing  from high-energy 

secondary e l e c t r o n s .  

Thermal c o n t a c t  is  poor9 and t h e  

Both s u b s t r a t e s  absorb h e a t  r a d i a t e d  

Then t h e  ma jo r i ty  of t h i s  r a d i a t i o n  i s  r e f l e c t e d ,  and 

The t h i c k e r  s u b s t r a t e  has  

Thus, t h e  problem can be solved by s p u t t e r i n g  more s lowly 

A technique involving t h e  use of a ga l l ium f i l m  between s u b s t r a t e  and 

s u b s t r a t e  t a b l e  has  been s u c c e s s f u l l y  u t i l i z e d  by Schaib le  and Maissel (Ref. 5 ) .  
Heat t r a n s f e r  i s  d e f i n i t e l y  improved, b u t  t h e r e  i s  t h e  problem of r e a c t i o n  

between t h e  ga l l ium and t h e  copper s u b s t r a t e  t a b l e .  A d i f f u s i o n  b a r r i e r  

could probably be u t i l i z e d ,  bu t  w e  chose t h e  s o l u t i o n  of less h e a t  input  by 

decreas ing  t h e  magnetic f l u x  d e n s i t y  and t h u s ,  lowering t h e  plasma density ' .  

The system parameters  f o r  aluminum s p u t t e r i n g  were very  much l i k e  those  

f o r  s i l i c a  s p u t t e r i n g ,  except  t h a t  t h e  r f  vo l t age  was usua l ly  approximately 

800 v o l t s  and t h e  magnet cu r ren t  w a s  1 .0  ampere. Th i s  produced a uniform 

magnetic f l u x  d e n s i t y  of 36 Maxwells pe r  square  cent imeter  i n  t h e  p o s i t i o n  

of t h e  s u b s t r a t e s  when t h e  plasma was o f f .  This  f l u x  d e n s i t y ,  being lower 

than t h a t  used f o r  d i e l e c t r i c  d e p o s i t i o n ,  allowed t h e  s u b s t r a t e  t o  remain 

cool  enough t o  o b t a i n  a specu la r ly  r e f l e c t i n g  aluminum f i lm .  Also,  t h e  

aluminum t a r g e t ,  11.6 cm i n  d iameter ,  w a s  f u r t h e r  from t h e  s u b s t r a t e  by 

0.32  cm, t h e  th ickness  of t he  s i l i c a  t a r g e t .  

Silica-Aluminum Capaci tors .  -- The ma jo r i ty  of test c a p a c i t o r s  made 

dur ing  t h e  conduct of t h i s  c o n t r a c t  had aluminum e l e c t r o d e s  and s i l ica  

d i e l e c t r i c s .  

(a, b ,  and c ) .  Most test c a p a c i t o r s  were made i n  conf igu ra t ion  a. The 

There were t h r e e  b a s i c  conf igu ra t ions  as shown i n  F igu re  11 
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Aluminum Electrod 

(a) 

Counterel 

FIGURE 11. EXPERIMENTAL CAPACITOR ARRANGEMENTS 

a, 0.950-cm-diameter disk with contact tabs on 1.0-by-1.0-inch glass substrate 
b. 
C. 

Five 1/4-by-1/4-inch capacitors on l-by-3-inch microscope slide. 
1/4-inch disk capacitors on l-by-3-inch microscope slide. 
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e l e c t r o d e s  were depos i t ed  as 0.950-cm-diameter d i s k s  w i t h  a s i d e  arm f o r  

contac t .  The d i e l e c t r i c  w a s  depos i ted  on t h e  e n t i r e  s u b s t r a t e  except f o r  

t h e  ends of t h e  s i d e  arms. The s i d e  arms p o i n t  i n  oppos i t e  d i r e c t i o n s  on 

t h e  odd- and even-numbered e l e c t r o d e s .  

depos i t ed ,  a l l  t h e  odd-numbered e l e c t r o d e s  (and a l s o  t h e  even-numbered 

e l ec t rodes )  contac ted  each o the r  through t h e  void i n  t h e  depos i ted  d i e l e c t r i c .  

Thus, when m u l t i p l e  l a y e r s  were 

The conf igu ra t ions  shown i n  F igu re  11 (b and c )  were used f o r  measurement 

of breakdown v o l t a g e  v e r s u s  d i e l e c t r i c  t h i ckness ,  and of d i s s i p a t i o n  f a c t o r  

ve r sus  e l e c t r o d e  th i ckness .  These arrangements y ie lded  more c a p a c i t o r s  per  

depos i t i on  than  d id  t h e  conf igu ra t ion  i n  F igure  11 (a ) .  

The number of l a y e r s  t h a t  could be s u c c e s s f u l l y  depos i ted  w i t h  t h e  

mask and t a r g e t  changer has  not  been determined. 

t e n  c a p a c i t o r  l a y e r s  appeared t o  be  a p r a c t i c a l  l i m i t .  

l i m i t  is  a r e s u l t  of t h e  l a r g e  amount of handl ing and t h e  exposure t o  many 

pump-downs. 

l a y e r ,  o r  2 1  t i m e s  f o r  a 10 -d ie l ec t r i c - l aye r  capac i to r .  Any d u s t  i n  t h e  

system ( e . g . ,  depos i ted  f i l m  t h a t  has  f l aked)  i s  blown about dur ing  i n i t i a l  

pumping, causing s h o r t s  t h a t  can be healed by a p p l i c a t i o n  of a dc vo l t age  

t h a t  vapor izes  t h e  aluminum producing t h e  s h o r t .  Af te r  t e n  d i e l e c t r i c  l a y e r s ,  

t h e r e  appears  t o  be  too  many s h o r t s  t o  h e a l  success fu l ly .  A t i g h t - f i t t i n g  

s h u t t e r  over t he  s u b s t r a t e s  dur ing  pump-down, as  designed i n t o  t h e  mask 

changer,  would c e r t a i n l y  inc rease  t h e  number of l a y e r s  t h a t  could be 

depos i ted ,  even without  t h e  mask and t a r g e t  changer assembly. 

Without using t h e  changer,  

We b e l i e v e  t h a t  t h i s  

The system had t o  be opened f o r  each d i e l e c t r i c  and each e l e c t r o d e  

P re fe r r ed  f i l m  th icknesses  f o r  si l ica-aluminum c a p a c i t o r s  were 

e s t a b l i s h e d  as about 3000 A f o r  s i l i c a  d i e l e c t r i c  and 1500 A f o r  aluminum 

e l e c t r o d e s .  The o b j e c t i v e  of h igh  capac i tance  d e n s i t y  d i c t a t e s  as t h i n  a 

d i e l e c t r i c  l a y e r  as p o s s i b l e ,  c o n s i s t e n t  w i th  working vo l t age  requirements .  

These vo l t age  requirements  were low enough t o  permi t  us ing  d i e l e c t r i c  l a y e r s  

somewhat less than  3000 A t h i c k .  However, a t  th icknesses  no t  much less 

than  3000 A t h e r e  i s  a n o t i c e a b l e  decrease  i n  y i e l d  -- t h e  percentage  of 

f a b r i c a t e d  c a p a c i t o r s  t h a t  are usable .  A very r a p i d  d e c l i n e  i n  y i e l d  a t  

approximately 1000 A w a s  noted by Davidse and Maissel (Ref. 6 ) .  Improved 
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f a b r i c a t i o n  cond i t ions  (less handl ing and c l o s e - f i t t i n g  s h u t t e r  during 

pump-down) w i l l  accompany use of t h e  mask and t a r g e t  changer. 

a t  somewhat t h i n n e r  d i e l e c t r i c  l a y e r s  and, t h u s ,  a t  increased  capac i tance  

d e n s i t y ,  should r e s u l t .  

A h igh  y i e l d  

High capac i tance  d e n s i t y  a l s o  r e q u i r e s  t h e  e l e c t r o d e s  t o  b e  as t h i n  as 

p o s s i b l e ,  There is  a lower l i m i t  t o  t he  th i ckness  of t h e  e l e c t r o d e s ,  

governed by t h e  need t o  keep t h e  d i s s i p a t i o n  f a c t o r  low. One of t h e  

p r i n c i p a l  components of t h e  t o t a l  d i s s i p a t i o n  f a c t o r  i s  t h e  series r e s i s t a n c e  

i n  t h e  p lane  of t h e  e l e c t r o d e s  (Ref. 7). Aluminum e l e c t r o d e s  have h igh  

conduc t iv i ty  but  a t  1000 A th i ckness ,  t h e r e  i s  a no tab le  inc rease  i n  

d i s s i p a t i o n  f a c t o r .  

good d i s s i p a t i o n  f a c t o r s ,  and i t  i s  p o s s i b l e  t h a t  such a th i ckness  could be 

used wi th  t h e  mask and t a r g e t  changer.  Cur ren t ly ,  1500-A-thick aluminum 

e l e c t r o d e s  g ive  r e l i a b l y  low d i s s i p a t i o n  f a c t o r s .  

Many c a p a c i t o r s  wi th  1200-A-thick e l e c t r o d e s  have had 

Alumina-Aluminum Capaci tors .  -- The alumina test c a p a c i t o r s  were made 

i n  t h e  conf igu ra t ions  shown i n  F igure  11 (a and c ) .  These c a p a c i t o r s  were 

e i t h e r  s i n g l e  o r  double-layer.  Most of t h e  alumina d i e l e c t r i c  l a y e r s  w e r e  

approximately 3000 A t h i c k  and t h e  aluminum e l e c t r o d e s  w e r e  1200 t o  1500 A 

t h i c k .  

Capaci tor  Tests 

D i e l e c t r i c  S t rength .  -- The d i e l e c t r i c  s t r e n g t h  of t h e  d i e l e c t r i c  material 

determines t h e  breakdown vo l t age  of a capac i to r .  Given a f i x e d  breakdown 

vo l t age  requirement ,  t h e  d i e l e c t r i c  s t r e n g t h  determines how t h i n  the  d i e l e c t r i c  

can be made and s t i l l  m e e t  t h e  requirement.  

5 -1 
The d i e l e c t r i c  s t r e n g t h  of bu lk  s i l i c a  i s  1 .6  x 10 V c m  ~ and f o r  

4 -1 
alumina, i t  i s  8.4 x 10 V c m  . The d i e l e c t r i c  s t r e n g t h s  of materials 

inc rease  wi th  decreas ing  th ickness  i n  f i l m  form. 

t h i n ,  minor f i l m  d e f e c t s  and s u r f a c e  roughness might cause a decrease  i n  d i e l e c t r i c  

s t r e n g t h ,  

s t r e n g t h s  i n  the  10 

and agree  w e l l  w i th  known va lues  (Ref. 8 ) .  

However, when they become very  

E s s e n t i a l l y  a l l  of t h e  t h i n  f i l m  s i l i c a  c a p a c i t o r s  had d i e l e c t r i c  
6 V cm-' range. The r e s u l t s  t abu la t ed  i n  Table I are t y p i c a l  
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TABLE I 

DIELECTRIC PROPERTIES OF 
SILICA-ALUMINUM CAPACITORS 

D i e l e c t r i c  Mean Standard Deviat ion D i e l e c t r i c  
Thickness Breakdown of Breakdown S t r en  t h  

(A) (VI (VI (Vcm- 

1090 

2100 

2920 

37 00 

4930 

5200 

5200 

6600 

13200 

34 e 25 

68.75 

93.75 

99.00 

243.75 

136.00 

288.75 

89.00 

348.00 

7.91 

17.47 

27.09 

36 00 

19 .23  

37.00 

56.43 

29.00 

81.00 

3.14 x l o 6  
3.27 x l o 6  
3 .21  x l o 6  
2.68  x lo6 
4.93 x 106 

5.54 x 106 

2.62 x l o 6  

1.35  x lo6 
2.64 x l o 6  

Capacitance and D i s s i p a t i o n  Fac tor .  -- The two-terminal equiva len t  e l e c t r i c a l  

c i r c u i t  of a capac i to r  may be represented  by a series r e s i s t a n c e  (R) and 

inductance (I,) connected t o  a p a r a l l e l  combination of capac i tance  (C) and 

conducatnce (G), as shown i n  F igure  1 2 .  The series r e s i s t a n c e  and inductance 

r ep resen t  t h e  equ iva len t  c i r c u i t  of t h e  connecting l eads  and e l e c t r o d e s  of t h e  

capac i to r .  The capac i tance  exists between t h e  c a p a c i t o r  p l a t e  e l e c t r o d e s ,  

and t h e  conductance r e p r e s e n t s  t he  l o s s e s  of t h e  s o l i d  d i e l e c t r i c  between t h e  

capac i to r  p l a t e s .  

A t  low f r equenc ie s ,  t h e  e f f e c t s  of t h e  series r e s i s t a n c e  and inductance 

are n e g l i g i b l e ,  and t h e  capac i to r  a c t s  as a pure  capac i tance  i n  p a r a l l e l  wi th  

a conductance. A s  t h e  frequency i s  inc reased ,  t h e  inductance becomes an 

important cons ide ra t ion  because a cond i t ion  of resonance occurs  between (L) 

and (C). For f requencies  below resonance,  t h e  inductance p a r t i a l l y  n e u t r a l i z e s  

the  e f f e c t  of t h e  capac i tance ,  r e s u l t i n g  i n  an  e f f e c t i v e  te rmina l  capac i tance  

given approximately by t h e  fol lowing equat ion .  

s e c t i o n  are der ived i n  t h e  Appendix). 

(Equations given i n  t h i s  
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FIGURE 12. EQUIVALENT ELECTRICAL CIRCUIT OF A CAPACITOR 
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= .A 
Ct 1 - W2LC 

The d i s s i p a t i o n  f a c t o r  f o r  a c a p a c i t o r  i s  de f ined  as the r a t i o  of t h e  

energy d i s s i p a t e d  t o  t h e  energy s t o r e d .  

F igure  1 2 ,  t h e  d i s s i p a t i o n  f a c t o r  i s  given by: 

I n  terms of t h e  equiva len t  c i r c u i t  of 

G R +  
u2C2 + G2 D =  

W C  WL - 
u2C2 + G2 

A t  low f r equenc ie s ,  and f o r  t h e  case of a reasonably good c a p a c i t o r ,  e .g . ,  

L - 0  

t h e  t o t a l  d i s s i p a t i o n  f a c t o r  i s  

(3) 
G D = uCR + - w c  

For a s o l i d  d i e l e c t r i c  c a p a c i t o r ,  t h e  dominant component of t h e  conductance 

i s  t h e  l o s s  i n  t h e  d i e l e c t r i c .  The loss varies w i t h  frequency. The d i s s ipa -  

t i o n  f a c t o r  is  d i r e c t l y  p ropor t iona l  t o  t h e  energy d i s s i p a t e d  and i s  t h e  sum 

of t h e  t h r e e  p r i n c i p a l  components. 

1. 

2. I n t e r f a c i a l  p o l a r i z a t i o n  loss .  

3 .  

A cons tan t  d i s s i p a t i o n  f a c t o r  caused by r e s i d u a l  p o l a r i z a t i o n .  

S e r i e s  r e s i s t a n c e  i n  t h e  l e a d s  and c a p a c i t o r  p l a t e s .  

The t o t a l  d i s s i p a t i o n  f a c t o r  has  a minimum va lue  a t  a frequency t h a t  

v a r i e s  i n v e r s e l y  w i t h  capac i tance ,  

and 1 MHz. 

The minimum u s u a l l y  occurs  between 1 kHz 
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A typical result for the variation of dissipation factor with frequency 

for a silica dielectric capacitor is shown in Figure 13. 
polarization results in a constant dissipation factor and would result in a 

horizontal line. 
slant downward to the right. 

aluminum capacitors by ohmic losses in the leads and plates that cause the 

slant upward to the right at high frequencies. 

is not usually significant at low frequencies. 
the skin effect becomes significant, the resistance increases, and is a 

function of the square root of the frequency. 

may be expressed as R1 f 
frequency in megahertz. 

is then : 

The residual 

The loss produced by interfacial polarization causes the 
This is overshadowed in most of the silica- 

The series resistance (R) 

A s  the frequency is increased, 

This resistance relationship 
' I  , where R1 is the resistance at lMHz and (f) is the 
The total dissipation factor at high frequencies 

112 
WC G D = wc + R1 f 

At low frequencies, the only losses that are important are represented 

by the parallel conductance (G). 

The dissipation factor versus frequency plot in Figure 13 is for a 
double-layer disk-shaped silica-aluminum capacitor (Figure lla) at 22OC. 
The dissipation factor versus frequency for two six-layer silica-aluminum 

capacitors at 22°C is shown in Figure 14. 
layer on these capacitors is approximately 4200 A ,  and electrode thicknesses 
are 1200 to 1400 A .  Capacitance versus frequency for these six-layer 

capacitors is plotted in Figure 15. 

The thickness of each*dielectric 

Capacitance and dissipation factors versus frequency and temperature 

were measured for a large number of test capacitors. The bulk of the 
capacitors that were fabricated and tested were double-layer, 0.950-cm- 
diameter silica-aluminum capacitors on 2.5 x 2.5 cm glass substrates. 
Capacitor XIV, from a series of these double-layer capacitors, had dielectric 
thicknesses of 3700 A and electrode thicknesses of approximately 1200 A. 
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lo2 5 lo3 5 lo4 5 l o5  
Frequency (hertz) 

FIGURE 13. THE EFFECT OF FREQUENCY ON DISSIPATION FACTOR AT 22°C 
FOR A TYPICAL DOUBLE-LAYER SILICA CAPACITOR 
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FIGURE 14. THE EFFECT OF FREQUENCY ON DISSIPATION FACTOR AT 22OC 
FOR TWO 6-LAYER SILICA-ALUMINUM CAPACITORS 
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FIGURE 15. THE EFFECT OF FREQUENCY ON CAPACITANCE AT 22OC FOR TWO 
6-LAYER SILICA-ALUMINUM CAPACITOR XIV 
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On most capacitors, including XIV, elevated-temperature life tests were 

performed first. This allowed the capacitor to come to an equilibrium 

condition before the other measurements were made. 

electrical characteristics versus temperature were measured in the "as 
fabricated" condition. This has the drawback that the electrical characteristics 

undergo some change at elevated temperatures. 
in a later section of this report. 

In some capacitors, 

The life tests are described 

Capacitance versus frequency and temperature for capacitor XIV is 
plotted in Figure 16. The capacitance increases with temperature at all 

frequencies from 200 Hz to 100 kHz. Between 20 and 50 kHz, the capacitance 

begins to increase rapidly at all temperatures from -79 to 225OC. 

variation in capacitance with frequency up to 20 kHz 2s less than 0.2 percent 

and, as the frequency is increased to 100 kHz, the capacitance varies by 

approximately 2.5 percent. 

The 

Dissipation factor versus frequency and temperature for Capacitor XIV 

is plotted in Figures 17 and 18. 
the dissipation factor increases with increasing temperature at low 
frequencies. There is some indication that the dissipation factor decreases 
with increasing temperature at the high frequencies, but the curves tend to 
be close together because the dependence on temperature is much less 
pronounced. The dissipation factors of these capacitors compare very 
favorably with the range of 5 x to at 1.0 kHz quoted by Augustine 
e t  ai?. (Ref. 9) for rf sputtered silica. 

With the exception of the 25°C curve, 

The effect of frequency and temperature on capacitance for alumina- 
aluminum capacitors is shown in Figure 19. This is from a series of single 
layer, 0.635-cm-diameter capacitors of the configuration shown in Figure 11 (c). 
The effect of frequency and temperature on dissipation factor for this same 
series is shown in Figure 20. 

and dissipation factor of alumina-aluminum capacitors are very sensitive to 
temperature. This is the principal reason that nearly all the later work was 
with silica-aluminum capacitors. 

Figures 19 and 20 show that the capacitance 
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FIGURE 17. THE EFFECT OF FREQUENCY ON DISSIPATION FACTOR AT 
THREE TEMPERATURES FOR SILICA-ALUMINUM CAPACITOR XIV 
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A s  w a s  s t a t e d  earlier, t h e  measurements of capac i tance  and d i s s i p a t i o n  

f a c t o r  v e r s u s  f requency and tempera ture  were made a f t e r  the c a p a c i t o r s  had 

undergone a s t a b i l i z i n g  bake-out i n  air. 

capac i tance  ve r sus  frequency f o r  a sil ica-aluminum c a p a c i t o r  e f f e c t e d  by 312 

hours  a t  150°C. 

frequency is  shown i n  F igure  22. 

c h a r a c t e r i s t i c s  is d i scussed  i n  t h e  fo l lowing  s e c t i o n  on l i f e  tests. 

F igure  2 1  shows t h e  change i n  

The e f f e c t  of t h e  bake-out on d i s s i p a t i o n  f a c t o r  ve r sus  

The rate of change of t h e s e  electrical  

Measurements of d i s s i p a t i o n  f a c t o r  ve r sus  e l e c t r o d e  th i ckness  were made 

on c a p a c i t o r s  of t h e  conf igu ra t ion  shown i n  F igu re  11 (b) .  

t h e s e  f ive-capac i tor  s u b s t r a t e s  w a s  produced w i t h  s i l i c a  d i e l e c t r i c  t h i cknesses  

of approximately 5000 A and aluminum e l e c t r o d e  th i cknesses  vary ing  from 400 A 

t o  8600 A. The measurements w e r e  made a t  1 . 0  kHz and 100 kHz a t  22OC. The 

r e s u l t s  are p l o t t e d  i n  F igu re  23. 

c a p a c i t o r s  on one s u b s t r a t e .  

and one below, t h e  mean va lues .  

made e n t i r e l y  by s p u t t e r i n g  s i l i ca  and aluminum, which may be  a c o n t r i b u t i n g  

f a c t o r  t o  t h e  h igh  degree  of scatter i n  t h e  r e su l t s .  D i s s i p a t i o n  f a c t o r s  are 

a l s o  s l i g h t l y  h igher  a t  1 . 0  kHz and much lower a t  100 kHz than those  shown 

i n  F igures  14 ,  17 ,  and 22, f o r  evaporated aluminum e l e c t r o d e s .  The h igher  

d e n s i t y  g e n e r a l l y  exh ib i t ed  by s p u t t e r  depos i ted  f i l m s  over  t hose  depos i ted  

by evapora t ion  can c o n t r i b u t e  t o  t h e  lower high-frequency d i s s i p a t i o n  f a c t o r s .  

From a p r a c t i c a l  s t andpo in t ,  c a p a c i t o r s  wi th  sput te r -depos i ted  e l e c t r o d e s  are 

b e t t e r  a t  h igh  frequency because of t h e  lower d i s s i p a t i o n  f a c t o r .  

a l s o  b e t t e r  i n  a p p l i c a t i o n s  covering a range of f r equenc ie s  because t h e  d i s -  

s i p a t i o n  f a c t o r  i s  much less frequency dependent. There were no d i s s i p a t i o n  

f a c t o r s  of more than  a t  th i cknesses  over 1000 A,  even a t  100 kHz. I n  

s p i t e  of the scatter, i t  can e a s i l y  be seen that t h e  1.0 kHz and 100 kHz 

d i s s i p a t i o n  f a c t o r s  converge as t h e  e l e c t r o d e s  g e t  t h i c k e r .  It appears  t h a t  

t h e  u l t i m a t e  va lue  l ies between 2 x and 4 x 

A series of 

Each p o i n t  is t h e  mean va lue  f o r  t h e  f i v e  

The b a r s  inc lude  one s tandard  d e v i a t i o n  above, 

These test c a p a c i t o r s  were t h e  f i r s t  t o  be 

They are 

Information about t h e  power d i s s i p a t i o n  c h a r a c t e r i s t i c s  of t h e  silica- 

aluminum c a p a c i t o r s  w a s  ob ta ined  by measuring their d i s s i p a t i o n  f a c t o r s  a t  three 

AC cu r ren t  levels. 

one and 100 kHz. 

The measurements were taken  a t  several f requencies  between 

Curren ts  were l i m i t e d  t o  s m a l l  va lues  because t h e  v o l t a g e s  had 
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ELECTRODE THICKNESS AT 1.0 AND 100 kHz. 
(The error bars indicate one standard deviation 
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t o  be  kept  w e l l  below t h e  breakdown vo l t age .  

a t  0,2 and 0.4 m a  i n  a d d i t i o n  t o  the c u r r e n t  a t  which t h e  o r i g i n a l  d i s s i p a t i o n  

f a c t o r  measurements were made. It i s  n o t  known e x a c t l y  what t h e  c u r r e n t s  were 

i n  t h e  o r i g i n a l  measurements because they  v a r i e d  as a b r idge  c i r c u i t  was n u l l e d ,  

However, they  were lower than  t h e  0.2 and 0.4ma c u r r e n t s  by a t  least two o r d e r s  

of magnitude. 

low cu r ren t  and f o r  0.2 and 0.4 ma. 
is  independent of t h e  c u r r e n t ,  a t  least up t o  0 .4ma,  and thus  t h e  c a p a c i t o r ' s  

ope ra t ion  w i l l  b e  unaf fec ted  by v a r i a t i o n s  i n  t h e  cu r ren t  up t o  0.4 m a .  

D i s s ipa t ion  f a c t o r s  were measured 

Figure  24  shows d i s s i p a t i o n  f a c t o r  ve r sus  frequency f o r  t h e  very  

It can be  seen  t h a t  t h e  d i s s i p a t i o n  f a c t o r  

L i f e  T e s t s .  -- All l i f e  tests were c a r r i e d  out  a t  -79; 150, and 250°C. 

There does n o t  appear t o  be  any change i n  capac i tance  of double-layer s i l i ca-  

aluminum c a p a c i t o r s  dur ing  exposure t o  -79"C, bu t  t h e r e  i s  a very  small 

inc rease  i n  t h e  d i s s i p a t i o n  f a c t o r .  

t h i s  small i n c r e a s e  i n  d i s s i p a t i o n  f a c t o r  appears  t o  r e s u l t  from condensation 

on t h e  l e a d s  and on t h e  s u r f a c e  of t h e  p o t t i n g  compound. 

Even though t h e  c a p a c i t o r s  w e r e  p o t t e d ,  

Exposure of double-layer test c a p a c i t o r s  t o  150°C produced a small  change 

i n  capac i tance  and d i s s i p a t i o n  f a c t o r  i n  some c a p a c i t o r s  (Figures  2 1  and 22), 

but  f o r  most c a p a c i t o r s  t h e r e  w a s  e s s e n t i a l l y  no change i n  capac i tance  o r  

d i s s i p a t i o n  f a c t o r  over a per iod  of s e v e r a l  hundred hours.  

was a decrease  i n  capac i tance .  

than  f o r  h igh  frequency,  as shown i n  F igure  25. 

changes very  r a p i d l y  a t  f i r s t  and then  levels o f f  t o  i t s  f i n a l  va lue .  When 

t h e s e  c a p a c i t o r s  are r e tu rned  t o  room temperature ,  t h e i r  capac i tance  i s  

lower than before  t h e  high-temperature exposure.  Subsequent excurs ions  t o  

250°C do no t  cause a d d i t i o n a l  changes i n  t h e  capac i tance .  Thus, p a r t  of 

t h e  product ion procedure f o r  t h e s e  c a p a c i t o r s  w i l l  have t o  be an  air  bake 

a t  t h e  h ighes t  temperature  a t  which t h e  c a p a c i t o r s  w i l l  be  used. The 

du ra t ion  of t h e  bake might be reduced by baking a t  even h ighe r  temperatures ,  

bu t  t h i s  has not  been e s t a b l i s h e d  a t  t h i s  t i m e .  

A t  250"C, t h e r e  

The decrease  w a s  g r e a t e r  f o r  low frequency 

Note a l s o  t h a t  t h e  capac i tance  

Figure 26 shows percentage change i n  d i s s i p a t i o n  as a func t ion  of t i m e  a t  

25°C f o r  a double-layer si l ica-aluminum capac i to r ,  

a t  t h e  h ighes t  frequency. A t  t h e  lower f requencies  t h e r e  i s  a r a p i d  decrease  

There i s  very l i t t l e  change 
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i n  d i s s i p a t i o n  f a c t o r  a t  f i r s t .  

capaci tance.  

means t h a t  t h e  capac i to r  has improved (has become l e s s  l o s sy ) .  

t h a t  minor d e f e c t s  i n  t h e  d i e l e c t r i c  l a y e r  have hea led .  

The r a t e  then l e v e l s  off  a s  i t  d id  f o r  

The f a c t  t h a t  t h e  d i s s i p a t i o n  f a c t o r  decreases  wi th  t h e  a i r  bake 

This  i n d i c a t e s  
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CONCLUSIONS AND RECOWNDATIONS 

Thin metal- and oxide-fi lm c a p a c i t o r s  w i t h  h i g h  capac i tance  pe r  u n i t  

volume and e x c e l l e n t  electrical  C h a r a c t e r i s t i c s  at e leva ted  temperature  can 

be depos i ted  by low energy r f  s p u t t e r i n g .  Of t h e  test c a p a c i t o r s  t h a t  have 

been mades those  t h a t  have t h e  b e s t  electrical c h a r a c t e r i s t i c s  and t h e  h i g h e s t  

thermal s t a b i l i t y  are those  w i t h  s i l i ca  d i e l e c t r i c s  and aluminum e lec t rodes .  

The process  has  y i e l d e d  c a p a c i t o r s  w i t h  320 uf capac i tance  pe r  cubic  cent imeter  

of depos i t ed  material. I n  a packaged c a p a c i t o r  of t h i s  type ,  10 pf cm 

could probably be  achieved. 

gene ra l ly  between 5 x lom4 and 5 x 

t h e  capac i tance  of t h e s e  c a p a c i t o r s  varies only 0.6 percent  from 25 t o  25OoC, 

and they  are operable  from -79 t o  500°C. 

d i s s i p a t i o n  f a c t o r ,  and h igh  temperature  c a p a b i l i t y  are s i g n i f i c a n t  improve- 

ments over  p re sen t ly  a v a i l a b l e  c a p a c i t o r s  whose corresponding va lues  would be  

approximately 0.25 p f  c m  , 2 x and 20O"C,  r e spec t ive ly .  

-3 

The d i s s i p a t i o n  f a c t o r  of t h e s e  capac i to r s  i s  

Following a bakeout i n  a i r  a t  250"C, 

These va lues  f o r  capac i tance  d e n s i t y ,  

-3 

S i l i c a  and aluminum can be  s p u t t e r  despoi ted  r e a d i l y  t o  form c a p a c i t o r s  

of up t o  ten l a y e r s  ( t e n  d i e l e c t r i c  l a y e r s  and e leven  e l e c t r o d e  l a y e r s ) .  

More l a y e r s  could be  added by a l t e r n a t e l y  depos i t i ng  the  two materials wi thout  

breaking vacuum, thus  g r e a t l y  reducing the  exposure of t h e  s u b s t r a t e  t o  con- 

taminat ion as a r e s u l t  of excess ive  handl ing.  

system f o r  f a b r i c a t i n g  m u l t i l a y e r  c a p a c i t o r s  without  breaking vacuum has  

been designed and cons t ruc ted ;  however, t i m e  d i d  no t  a l low i t  t o  be eva lua ted .  

When these  capac i to r s  are f a b r i c a t e d  i n  a system t h a t  does n o t  need t o  be  

opened between depos i t i on  s t e p s ,  they w i l l  be  a s i g n i f i c a n t  advance i n  capac i tance  

d e n s i t y  combined wi th  e x c e l l e n t  thermal s t a b i l i t y  and low power d i s s i p a t i o n .  

A mask- and target-changer  

It i s  recommended t h a t  a d d i t i o n a l  work be conducted t o  f a b r i c a t e  m u l t i l a v e r  

test c a p a c i t o r s  us ing  t h e  new mask and t a r g e t  changer. When t h e  maximum 

number of l a y e r s  t h a t  can be s tacked  r e l i a b l y  has  been e s t a b l i s h e d ,  t h e  

p o s s i b i l i t y  of depos i t i ng  t h a t  number of l a y e r s  on each s i d e  of a s u b s t r a t e  

should be inves t iga t ed .  This  would n e a r l y  double t h e  capac i tance  pe r  mass 

and p e r  volume, because a r i g i d  s u b s t r a t e  i s  s t i l l  t h e  l a r g e s t  c o n t r i b u t o r  

t o  mass and volume. 
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When t h e  problems a s s o c i a t e d  wi th  depos i t i ng  m u l t i l a y e r  c a p a c i t o r s  

without  breaking vacuum have been worked ou t ,  t echniques  t h a t  are employed 

should be engineered i n t o  a product ion process .  

It is  a l s o  recommended t h a t  c a p a c i t o r s  be f a b r i c a t e d  by r f  s p u t t e r i n g  

o t h e r  d i e l e c t r i c  materials wi th  much h igher  d i e l e c t r i c  cons tan ts .  This  would 

a l low h igher  capac i tance  p e r  volume i n  a p p l i c a t i o n s  t h a t  do no t  r e q u i r e  t h e  

high-temperature s t a b i l i t y  of s i l i ca .  For a h igh  charge s t o r a g e  d e n s i t y ,  

i t  would b e  necessary  t o  f i n d  a material wi th  h igh  d i e l e c t r i c  cons t an t  and 

low d i s s i p a t i o n  f a c t o r  t h a t  could be u t i l i z e d  i n  t h e  m u l t i l a y e r  t h i n  f i l m  

form. 
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New Technology Appendix 

MULTI-TARGET SPUTTERING APPARATUS 

A d e s c r i p t i o n  and f i g u r e s  r e l a t i n g  t o  t h i s  i nven t ion  are found on pages 

9 through 13 of t h i s  r e p o r t  under t h e  t i t l e  "Mask and Target  Changer". 

This  i nven t ion  makes i t  p o s s i b l e  t o  spu t t e r -depos i t  more than one material 

without  breaking  vacuum. 

material i n t o  p o s i t i o n  i n  f r o n t  of t h e  rf s p u t t e r i n g  e l e c t r o d e .  

a v a i l a b l e  systems f o r  spu t t e r -depos i t i ng  more than one material wi thout  

opening t h e  vacuum system use  a s e p a r a t e  r f  e l e c t r o d e  f o r  each material. 

This  is  accomplished by moving new sources  of 

Commercially 
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APPENDIX 

The equ iva len t  electrical c i r c u i t  of a c a p a c i t o r  i s  shown i n  F igure  12  

and t h e  t e rmina l  impedence i s ,  

Rearranging Equation (A-1) i n t o  real and imaginary components r e s u l t s  i n ,  

Z t =  R +  
w2C2 + G2 

For 

t h e  e f f e c t i v e  t e rmina l  capac i tance  (C ) can be determined, t 

1 WL - - 
W C  

1 
W C  

- - =  
t 

and 

C - - 
ct 1 - w2LC 

(A-2) 

I (A-3) 

(A-4) 

The d i s s i p a t i o n  f a c t o r  (D) of t h e  capac i to r  i s  t h e  r a t i o  of t h e  magnitudes of 

t h e  real and imaginary p a r t s  of Equation (A-2). A t  l o w  f r equenc ie s ,  (L = 0 ) ,  
and f o r  G2 << w2C.29 

G 
= wc (A-5 1 
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